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Thomas, Charles Walter (M. S., Civi l  Gngineeriq) 

The Flow of Water in Open Channels with High Gradients 

Thesis directed by Warren Raeder and Roderick Downing 

A comprehensive study of the methods of measuring high-velocity f l o w ,  

supplemented by laboratory tes ts ,  made poesible the development of a tech- 

nique f o r  wtillzing the salt-velocity me-&od t o  determine the magnitude 

of existing velocities in the f i e l d  on an existing steep wasteway. Da-t;a 

included i n  the field measurements, relative t o  discharge, cross-sectional 

area and velocity permitted calculation of a i r  content i n  the flow. The 

mcbanics by which the a i r  i s  entrained in the flow were a lso  studied. 

These data, combined w i t h  r e s f i t s  of other tests conducted on similar 

structures, gave infornoation which made possible the proposing of  an addi- 

t iona l  term i n  the Manning formula t o  compensate for the air resistance. 

The values of the coefficients for  t h i s  term a r e  evaluated f r o m  the f i e ld  

test data. A definition of the hydraulic radim i s  presented ae the area 

of the croe~-section, assuming no air in the f l o h r  water, divided by 

the t o t a l  wetted perhter including the air. h application of the 

Maw formuU nnodified by the air  resistance term and the new lq&wUc 

radius, is  xmde t o  the  design of a typical steep chute. 

This abstract  of about 180 words is approved as to  form and content. I 
recamend i t s  publication. 

Signed 
Instructor in charge of dissertation 
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Open-chsunel Flaw 

The ghenommon of open-channel flow b s  long been an interesting, 

subdect, particu3arly to the hydm%Uc engineer, and when this flow is 

in a c m e l  with a high gmdient it is fascln~ting even to a laynm. 

The freedom of the stream to change section nnrkes possible in open- 

channel flow lll~bny peculiar phencmelgYEI t b t  c a a ~ ~ t  occur in closed conduits 

flowing full. 

Fluid flow with a free surfErce is complicated as cornrpared with 

closed-conduit flow. The two  cases are ccaprable only in the simple 

case of miform flow in chsanels 4ahere the cross-section is constant in 

area and form. Even if uniform flow is aasuaed, the vlde mnge of forms 

of cross-section and channel surface condition8 nakes i t  practfcsUy h- 

possible to evolve a eingle fonrmla t k t  describes the motion. 

In open-channel flow the free surface is under constant pressure 

since it is exposed to the atmosphere. The pressure is thus constant 

over the entire surface and the only force causing flaw i s  the weight 

of the fluid. !i"he resisting forces are usuaUy conside~d to be only 

viscosity forcea in l&miaslr flow and viscosity combined with inertia 

forces in turbulent flow. Thus j.t may be seen t M t  W o r m  flow in a 

channel i s  always accompanied by a c-e in elevation of water surface. 

Let us consider uniform flow in a cbaagel with a smooth, f ree 

surface. For tbis condition the msan velocities at successive cross- 

section8 are equal, Otherwise the ~ b o v  is mnunifonn. To prdwe -6 

flow t?le c-1 murrt have coustmt bed 8hpe snd uniforna cross-section. 

!Phen sad only then xill the slope of the water surface be e q d .  to the 

bed sbpe. In most practical cases the i h ' w l ~ q  m%e~ ~ n b r g o e s  llnangr 



result fKlm imperfect alin-t of the cbannr?l. In  practice unkform flow 

is  conaidered t o  include ins&pces where these mlmr deviations exiet. 

The pmb1.w arising in connection with the flaw of wcter i n  channels 

more c m n l y  relate t o  mderate gradients, l o w  to  moderate -relocities, 

and steady conditions of flow. A8 a rule we are not concerned with the 

introductory period during which the velocity is increasing from zero, or 

from s~nae ini t iab velocl,ty, to i ts firral or steady flow value. Under 

these l a t t e r  conaitions the forces cauelrq rpccelerstion are balanced by 

the resistance t o  flow aad st- cor&tions prevail, that i s ,  over any 

give2 cmas-sectian GZ i;he stream, tfiE distribution of velocity renmine 

sensibly constant in time. Furthemore the moving medium lory be assumed 

t o  remain sontFnuouely i n  the liquid pbase wlthout i~e-ibly w i t h  

'm a i r ,  and again, the resistance opposed t o  the flow m y  be considered a8 

developed between the moving liquid and the solid boundaries which 

constrain its motion, Feuid fr ict ion pro called. 

The f b a l  or steady motion velocity which i e  acquired under these 

conditions is, then, the item of principal interest  and forma the subject 

of the ueU-known classical treatment of the subject. 

F o a e  for  Uniform Flow In Open C M e l s  

Being miadful of the nature of .the resistance t o  the flaw and the 

results of this resistance it msy be seen that formulas dealing with 

open-clamel f l o w  m a t  be caqpsed sf elenaents expressing the mean 

vehocity, the slope of the mter e u . e ,  tht proportions of t&e clakmnel, 

the BydzsuLAc radlus and %he relative smoothrmss of the fixed bormbarries. 

So far as i s  knm~ there is no en4;ireI.y theoretical derivation f o r  the 

@ reliertianship between t h e ~ e  varl~bbs .  i&than€itical ucgrsssfoas of the 



by experiment. The us- basic expression is:  

in which K, y and z are empirical ehments, V is mean veJ.ocity, S i s  tihe 

slope of the water surface and R the hydraulls radius. 

 he earliest known i o m  for  open was developed by ~ h e r ~ J *  - 
fram experiments and was publlaheit in 1775. The fo rmla  i e  used extensively, 

primarily because nearly 100 years elapeed before results of further ex- 

perinaerots were pubUshed. 

OBnguillet and ICutter2 published in 1869 a fomula fo r  detamdniq$ 

.the value of C I n  the Chezy f o ~ m ~ ~  This fonmr3a i s  conmonly referred 

Lo as the Kutter RormuLa or the Kutter-Chezy formulas, when eambined with 

Chezy's fo lmlu.  

In 1890 ~asnnfng3 publliebed a fornarLa fo r  deriving the value of C in 

the Chzy lormule tmd 7 years later, i n  m, %zln4 proposed artotber 

nieans of evaluating C i n  the Chezy form;uka, 

The above-mentioned foaxllas are the most widely used I n  open-chsmel 

design. Much dm& have been collected and published fixing the values 

of the various coefficients of roughness for  different charmel materialso 

Other fomulas substantiated by l e s s  ex;perhentation, bave been evolved. 

These fonrmlas are in ,gene& of a more corqgllcated fonm and are not 

rsadllyadaptable t o  quick aoPution. bPIny formulas aad discuesiona of 

their mrticu3ar nmri t  are to be fiad in numereus text aa8 reference Books 

on bydnbullca, hence, only brief ~lrention is msde here. gives a 

number of fornuieag and devotes semmlgages t o  8 discusion of %heir 

* A l l  references cite'd are Us- I n  nrr~rerical order of occurrence 
,in the biblogskphy of the appendix. 



are also given. A simlJsr discussion ie given by ~ o u k ~ .  

Presence of A i r  in FLOW 

In  the case of water flowing under eteep gradients the simple condi- 

tions of flow no longer prevail. The velocities acquired may be high and 

the resistance t o  flaw can no longer be restricted t o  the soUd boundaries 

of the stream, The a i r  boundary now begins t o  play a park, rPnd gradus1 

insufflation with air brings a c h a w  In the density of the flavlng naeUum 

and in the mean hydraulic radius of the section. The s u m c e  of the f l o w  

becomes broken and Irregular due t o  wave formation caused by action between 

the a i r  and water and due also to  the mrked velocity gradient between the 

bot-tom of the f l o w  and the top. The l a t t e r  is espe@%lly marked in caee 

the f l o w  i s  relative3y e k l b w  in depth. Ae a result, the flm may became 

transformed fsom a liquld plaase into an extremely turbulent fm gbase 

with a rough and irregular upper surface Involving a greatly inc:reased 

resistance by the air boundary of the stream. 

Under these conditions of flaw, we are not only concerned wrlth tlae 

uftlnste velocity which nay be acquired in s long c-1 but we are also 

Interested in the velocity which may be acquire& Jm a given length of 

chnnel or in a given Interval of time. Ue are therefore concerned with 

relations between velocity, distance, and tiPre, during the period of 

accelcra.l;ion from an initial velocity toward a f-1 velocityo 

A number of s c i e n t i ~ t s ,  including I3e13saie7, Dodge end T I ~ ~ B O ~ ~ ,  

lllng9, and IUll l0  have proposed eg?atioos lo r  detsnahlng the d b t i o n -  

shig between the slope of the water eurface and the hydxorulic gropert;ies 

of the solid boundary. 10o tenns have been Included in these forwilao to  

reflect the influence of tbe auY.face b contact w l t h  tk air or the 

preeence of air in the f low.  



Need fo r  Additional Exprimeuts 

Structures now being designed are of such proportions that it is  

neceswry fo r  the hydnsullc ewineer t o  possess informetion other than 

which has been available if the most econcPPical sectiorm are to be had, 

Xn the design of steep chutes and spillway cbanneh the proper 

fmtebcard allowance i s  one of the many problem. Calculations of the 

channel dimensions be al tered t o  bclude entrainment of air at 

high velocities and the cZmnge of f r ic t ional  resistance cawed by this 

a i r  entrainment, 

A rstionalappzxach t o  the solcrtion of the problem would be a 

mathclPathcs1 ana4sis supplemented by exjpcrimental data t o  supply t he  

empirical elements. In the solution of this and other engineering pro- 

blems much observation i s  neceaerzry in conjutaction with the amplication 

of the exact sciences. 

With this h mind an investigation of the cbsracteristics of flow 

in open c k m e l s  with high gradients was proposed t o  supaleraent existing 

design data. 

This thesis covers; (1) the resul ts  of a study of the l i t e ra tu re  of 

t h i s  and foreign countries t o  arcertain the extent of reported ma-txrfal 

available on the eubject; (2) aevelopment work t o  evolve a method of 

accumtely me8suring high-velocity flows; (3) s program of f i e l d  ppgaaure- 

menta on an  existing structure; (4) an evalmtion of ebl obtainable data; 

and (5) the appUcatPon of these data t o  design calcuh%ions. 



I1 LIBRARY 1RE-H 

Study of the Literature 

A study of the literature of this and foreign countries revealed 

that the science of f l o w  in open channels with hi& grsdients isc an 

almast unexplored field. Although it ie not a new subject the dif- 

ficulties encountered and the number of variables present in such flow 

conditions have greatly retarded the progress tow19 a ccmprehensfve 

analysis of the problem. Also the foxmulns developed by the oader ex- 

perimenters bave grown into very general usage and have been accefled as 

standard. This condition renders the propagation of any new formulas or 

methods of attack difficult. During the time that the problem has been 

considered, conversation with many deaign, construction and operating 

engineers disclosed that at various tiles some field measurements have 

been attempted but due to lack of suitable equipment, difficulties 

encountered in conducting the t;eats, and apparent discrepancies, the 

results bsive not been published. A much better conception of the sub- 

Ject could probably be obtained if this condition did not exist. 

The study disclosed very l i t t L e  on the subject and the eqhnations 

by the authors differ greatly. The mode of attack on the pmbM bas 

been dealt w i t h  primarUy from the empirical standpoin4; although Whe- 

matical solutions have been atteapted. 

No attempt w i l l  be mde to give a lengthy discussion of the views 

of the different authors, other than to pay that they may be divided 

generally into two schools of thought. The first group are of the 

opinion that the hydraulic properties of cbnnels on high gradients 

m y  be calculated by the use of the same forarmlas as used for deter- 

mining the hydraulic properties of cbamePs on flat -6 prodding 





follow tbat concrete channel l ining placed under similar conditions en a 

flat  slope should have a roughness factor leas  thfbll that Laid on a steep 

slope. 

Previous Work by Bureau of Reclanstion Iabezatory 

The problem had been recognized previously by members of the s t a f f  

of the Hydmulic Iaboratory but had not been devdoped t o  any great extent 

because of the urgency of more specific problems. Data were collected 

from t h e  t o  tw as oppor(;uxilty presented i t ee l f .  

The hta collected was f o r  clar if icat ion of the following questions: 

(1) Is air present in high-velocity flow and, if so, t o  

what extent? 

( 2  What i s  the  xecbnics by which air might enter the 

water? 

(3) WhLbt f'actors enter  into the retarding of the velocity 

of the flow in the channel? 

The resul ts  of these studies are sllrrme~rized briefly. In regard t o  

(11, air was present in the flow, but a t  the location tested the amount 

as measured by two different methods was found t o  be a very mil per- 

centage of the t o t a l  f l o p .  In (2), the mechanics by which the air 

enters the flow was not sa t i s fac tor i ly  explained. A study of L. 

~ a n d t l t ~ l 3  a r a ~ y a i s  m e  mrde. a s  sugge~tion is  tha t  if  a d i n e r r m e  

An velocity occurs between two byem of f lu id  f h c b g  past one another, 

the boundary surfsce h e s  not pernain srpooth, but first assumes a mve 

form, then curls baok on i t ee l f  and f ina l ly  asatmses the s b p e  of a vortex. 

In  the case of open-channel flow, where the water eurfbce i e  i n  contact 

v i t h  the atmosphere, these vortices fom at  t he  contact plane and carry 

air in to  the water. Turbulence within the f low then distributes the air* 



- 
laboratory, t o  be a factor in the air distribution. Also turbulence 

propgplted from the sides and bottom of the channel was %rtetrumental in 

trapping the air 2x( the water. He states: 

"As the water starts dawn the steep section of a chute, the prt:Lon 
of it a i c h  is not close t o  the bottom or sibs, is  rapidly accelerated 
and soon attains a high velocity. There is a n~xrow zone on the bottom 
and sides, however, in which the veloclty adJacent t o  the wal l8  end fXwr 
is zero and that at the outside of the zone reaches that of the center 
section. In this   arm boundary layer there is, therefore, a rapid 
increase in velocity w i t h  increasing a s t a m e  f rom the sidewalls, or in 
other words, there i s  a high-velocity gradlent. I n  the side str ips the 
flow is very turbulent and air l a  entrained, gitring the wafer a white 
appearance. ... There is a similar zone in contact with the bottom but 
it i s  not as apprent since it is not in contact with the atmosphere, 
and air i s  therefore not entmbed. This bounbry layer, both on the 
bottom and sides, I s  narrar at  the top of t h e  chute but -dens as the 
water flows darm. The witer in the central mrJPt-flowbg gortion bas 
a relatively m o t h  surface, and the acceleration resulting from mov- 
ing 84vn the chute i s  retarded but l i t t l e  by the effect of fr ict ion on 
the sides. m a  central portion becomes mmmrer and thinner as  the 
boundary layer Increases i n  thickness, and i f  the chute is long enough 
a point i s  reached where the velocity throughout the entire cross-sectic3n 
i s  considered retarded by side friction. When this point i s  reached 
the surface becomes rough, since the turbulent zone hss extended t h r o w  
t o  the water surface ." 
Further study in relst ion t o  this phenomenon was advlsad at fhat tir. 

Considerlag (3), in regard t o  factors o p p o s a  the blaw, f l r e t  con- 

siderstion was given t o  the dimensions and chsracterieties of the cbannel. 

Some t e s t s  were made i n  an existing structure and the results were s~la3y~~ed 

on the bssie of determining a value of "n" in the ~~ and gutter 

formulas. The values were fad t o  agree very closely with values pre- 

viously determined for similar canal l i n l q  on flat 

]Friction between the rrurface of ehe f low and the atmosphere was 

known t o  udst and was recognized as a re- factor t o  the velocitr 

of the flow. An outline of tests was prepared but the progmn uas not 

completed because of lack of t h e  f o r  the laboratory personnel t o  conduct 

it. 



of data have been collected by the author, These consist prinaarily of 

personel observations and p h o t o p p b  of flow. 

Methwb of kasuring Velocity 

Some of the early experiments fblled completely and others were 

incomplete or questionable because of the equipment or method0 used in 

obta ln lq  the dsta. Accurate measurements of velocity, elevation of 

wter sau9ace, and discbarge are neceswry t o  properly analyze f l o w  

conditions in channels and the meam employed t o  secure these measure- 

ments must be reliable. 

The currentmeter has been generally adopted i n  thfs country for 

w e  %n measuring low velocities, Tbe pitot t tbe has found general use 

i n  measuring the higher velocities, Each of these two instruments re- 

quires calibration under conaitions simi&r to  those for  which it i~ 

intended t o  be used. The degree of accuracy of the results depends 

upon the care exercieed in the calibmtion. 

W i t h  t h e e  thoughts i n  d n d  the plambg of a series of f ie ld  

measurements neceesibted a careful choice of methods aad e q u i p n t .  

Hater flmlng a t  high velocity, even fa relatively slorU. quantities, 

presents a rather unruly mass t o  W. The kinetic energy of thirs 

mss is  great, consequently any e q u i p n t  that is used must be designed 

t o  withstand aevere action. 

Egulpent designed for f ie ld  use must be comp~ct and possess a 

degree of portability. It must be msde such that  minimu~lpM component 

psrts are employed which ere easily accessible and may be repired wlth  



upon which the equipment functions must be basicaUy eound and the tech- 

nique qployed in handling it must be such tht a mximum r e t m  is  

gained from a mininuu of effort  and time, 

The use of c o m m e r c ~  currentmeters in high-velocity f low is not 

practical. They w i l l  not withstand the abuse to  which they are exgosed. 

Special types of meters have been developed to meet certain requirements 

and s t i l l  others might be evolved. Were it possible t o  obtain a sturdy 

instrument, it i e  s t i l l  neceseary t o  obtain a rating. A s  bas been a i d  

before, the accuracy of the instrument dew& upon the degree of care 

exercised d w i q  the calibration and upon the sMla;ri ty of contUtions 

under which the iastnnnent is rated and those existing, where it w i l l  be 

used. The h t t e r  of these two requirements is hard t o  meet. 

Since air is present i n  high-velocity flow it wss necessary t o  

design for the presence of the a i r .  The extent md distribution of air 

i n  the f low became part of the problem. It was obvious Wt existing 

conditiorms could not be foretold nor duplicated. The rating obtained 

for  a properly designed currentmter or pi tot  tube, although carefully 

mde, may not be applicable t o  fLeld conditions I f  the commaly used 

practice of moving the i n s t m n t  through cstill water at a Imm rate 

of speed is wed. T h i s  method is not basically wrong but the fallacy 

lies in the fact  that  the s t i l l  water would norm~lly be devoid of air. 

The water would have a density somgwbat above that  of a water-sir 

mixture depending upon the percentage of air present. Since t h i s  per- 

centage is not known it is impossible to  correct for the difference in  

density and Bence the rating w1U be in error. Ekrthernmore, in the 

case of a pi to t  tube, the presence of air i n  the flow is a source of 



leads o r  in  the instrument and cawe erroneous readings. 

Another factor  t h a t  must be considered i s  w h a t  effect ,  i f  any, the 

turb~ilent  water found i n  Ugh-velocity flow w i l l  have upon the accuracy 

of the Instrument. It is not logical  t o  expect exac t ly the  same resul t s  

a s  those obtalned i n  quiet water where streamline flow past the instru- 

ment prevails. 

The introduction of color in to  the flow and a measurement of the 

time required f o r  the passage of the color between two or more polnts, 

eegarated by known distances, bas been used. This method is not ent i re ly  

satisfactory becsruse of the error  introduced in the time measurement and 

the diff icul ty of the h m  eye t o  detect the exact boundary of the 

colored nrrss. In  very turbulent water where the surFsce i s  mixed with 

air, the flow appears very white snd the presence of spray above the 

surface renders it almost impossible t o  see any foreign body i n  the flow. 

Uoers of this method report in~onsis tencies  i n  the resul ts .  

Tining  swfbce or  subsurface f l a t s  over a known reach of channel, 

chemical t i t r a t ion ,  -ct devfces, e l ec t r i ca l  dissipstion from a hot 

wire .fn the flow, traveling screen, and in closed conduits, s salt- 

velocity method of measuring velocity h v e  been used. A l l ,  except; the 

l a t t e r ,  were considered bitpractical f o r  the type of flow t o  be measured. 

The S l t -ve loc i ty  Pllethoii 

The salt-velocity method has been used extensively in determining 

the flow through closed conduits16. A t e s t  technique and method of 

analysis have been fairly well perfected. I n  closed conduit studies, 

the method consists of the introduction of a brine solution in to  the 

co~duit  by 8 q u f c k - a c t a  pop valve. time is recorded st the time 

this valve opens. The brine solution is camled downctream in the f o m  



are placed near the center of the conduit and connected t o  an electro- 

motive force. An ammeter i s  included i n  the c i rcui t .  As the brine cloud 

passes the station, the flow of current between the electrodes is in- 

creased due "c the presence of brine. The time at  which the brine cloud 

passes the electrode stakion is recorded. By carefully detenuintng the 

I volume of the conduit between the point of introduction of the brine and 
I 

the electrode station, and the elapsed time of t r ave l  f r m t h e  valve t o  . 
the electrode, the discharge per unit  of tFme may be determined. 

If the velocities i n  the conduit are relat ively low or  the distance 

between pop valve and electrode is sufficient,  the meeraurement of time 

m y  be made with ean accurate stop watch. However, i f  high velocities 

are encounte~ed o r  short reaches are  used, the sccumcy of the flow 

a measurement depends largely upon the timing element employed. 

A careful study of t h i s  method and the resul t s  obtained through 

i t s  use l ed  t o  the belief t h a t  the general principles involved could be 

apgliei3 t o  velocity measurement i n  open-chsnnel film. The technique 

employed in the application must necesssrily be a f f e r e n t .  Since the  

presence of air i n  open-channel flow i s  evddent, it was not advisable 

t o  use the method as a means of measuring discharge. Moreover, the 

volume occupied by the f l o w  i n  an open clwnnel m y  vary between wide 

limits depending upon the velocity and discharge. I n  a closed conduft 

one variable is eliminated since the volume remeins constant. The: por- 

t ion  of the method applying t o  velocity measurement, with certain 

changes in technique, seemd equally applicable t o  open or closed con- 

duits.  



A technique applicable t o  open-channel f l o w  and e q u i p n t  t o  exe- 

cute the t e s t s  was neceessry before any f i e l d  measurements could be 

attennpted. T h i s  development was star ted in the laboratory. 

In  addition t o  taeaeuring the velocity, it is neceesery t o  seem 
8 water surface measurements in the chumel f o r  computing a i r  content and 

energy gradient. Some satisfactory means of obtaining these measurements . 
was a lso  sought. 

A hydraulic model of a chute was being tested in the laboratory. 

The chute had a cross-section approximtely 6 inches deep by 9-1/2 inches 

wide. Velocities In t h i s  model were from 10 t o  15 fee t  per second and 

the section was of sufficient 3sngth t o  p e d t  p r e l w r y  investigation 

of the method. 

6B Copper electrodes ra@ng in width from 1/4 fnch t o  3/4 inch were 

spaced from 6 inches t o  2 fee t  e~part, measured pera l le l  t o  the center- 

l ine  of the chute. TWO electrodes were used a t  each point, one on each 

side of the flume. The original s t r i p s  extended from the f loor t o  the 

top of the sides but same of these were l a t e r  ehortened t o  extend only 

part way up the sides i n  order tlvrt  they would not project above the 
I 

water surface. Others were exte&d part  way across the f loor and up 

the sides. Electrodes vere a lso  llade by using No. 7 flathead, brass, 

wood screws with only the surface of the head exposed t o  the f lov.  

Time nze8surenrents were mtlde by Illesns of an oarclllograph. The 

osclllograph used consisted essential ly of three moving co i l  galvano- 

meters, an optical systan, and a motor-driven canaera. m e  current 

supply fo r  the f i e lds  of the galva-ters was derived from a 6-wit 

@ storage bsttery and the naoving coils vere excited f rom dry c e l l  



damped by o i l .  The optical  system employed two slaall flashlight b a b s  

as light sources, a cylindrical lens t o  reduce the l i gh t  supply t o  a 

horizontal band, three smll cylindrical lenees (one in front of each 

galvanometer) t o  focus the horizontal baad on t i ny  mirrors fastened t o  

the moving coils  of the gplvanospeters and t o  change the reflected btlnds 

t o  ver t ica l  bands, and a cylindrical lens t o  focus the vertical bands a6 

points on the film in  the camera. The camera w e  belt-driven by a 6-volt 

s h u t  motor. The record vas nrrde on standard No. 122 oamers film in 

37-inch lengths, wound on daylight losdling spools. One length was used 

fo r  each record. The film was dram through the camera at right angles 

t o  tk vibrating li&t 

Two pairs  of electrodes were sepapately connected by wiring systems 

t o  two of the galvanometers i n  the osclllogreph. The thiPd gslvancmeter 

was connected t o  the ll0-volt, 60 cycle, alternating-current supply t o  

provide a time bsse on the film record. The power supply t o  opemte the 

galvanometers included one or 4x0 dry c e l l  batteries,  depending upon the 

base current needed, and the ci rcui ts  were closed by the water between 

the electrodes. After a U  ci rcui ts  were properly balanced the cm~rer 

was started and s a l t  solution was poured into the  flow from glass con- 

tainers.  A satumted solution was wed and the amount intro6ucad varied 

during the tests f r o m  one-fourth pint t o  one qurrrt. It was us\lally in- 

troduced a t  the upper end of the flume but in some instances the intm- 

duction was mrde close t o  the first s e t  of electrodee. Fropl t h e  t o  

f ive  measure8 of brine could be -tied into the f low during the 10 

seconds required fo r  the fi3m t o  gsss through t h e  carwra. 
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salt, ae measured by the tlme scaLe imposed on the film by the 60-cycle 

al ternat ing current, corresponded t o  the tluzz necessary f o r  the flaw t o  

t r ave l  the distance betw$en the pairs of electrodes. T h i s  distance was 

accumte3y measured in the flume. The distance between the curves on 

the fFlm wae W e n  itm three different wap. The distance between the 

centers of gravity of t;he curves, the d i s a n c e  between the points where 

the curves l e f t  the  base l ines,  cznd the distance between similar points 

on "he curves were measured. The distances a14 agreed very closely and 

no trend was evident of one meaeurement inificating a higher velocity 

tban another. The measwd velocities checked the calculated average 

velocities very closely. 

The electrodes wLth greater exposure t o  the flow produced a greater 

base deflection in  the galmnometers but this could be diminished by 

decreaoing the voltage i n  the circui t .  The electroaes e x t e a  above 

the water surface were sensitive t o  waves on the surface of the flow. 

This caused extraneous deflections in the galvanmeters which were  at  

first considered t o  be objectionable but were l a t e r  found t o  be readily 

distinguishable from the deflections caused by the brine. 

It vas concluded t h a t  s t r i p  electrodes a s t e n e d  t o  sides of the 

flume or circular  electrodes on the sides or  bottom of the flume would 

give satisfactory results. The area of electrode was inmaterial since 

it was necessary t o  balance the current at the imtllmbent before each 

t e s t ,  using one, two or three 1-l/2-volt dry batteries. 

The amount of salt necessary t o  pwduce a legible deflection wlas 

ileterrained by trial. The q w t i t y  of salt solutiou influenced the 

deflection produced in two ways. The mudmum deflection was increased 



elapsed time. Too great a deflection caused the curve t o  swing beyand 

the edge of the film and an excessive time in terval  made the ~ l c ~ t i o n s  

d i f f icul t .  By determinPng the correct amount of brine and by pouring it 

in to  the flow quickly very readable curves were obtahed. 

Final Tests in the Iaboratory 

A technique necessary t o  secure and in terpre t  the records obtained 

by %his method of measuring velocity was developed f o r  the low-velocity 

flume. To slcpand this technique, a wooden flume was constructeil. on a 

45-degree slope. The inside dimensions of t h i s  flume were 9.6 inches 

-vide by 10.5 h c h e s  deep. The length was 17 f e e t  2 4 2  Fnche~, meaeured 

along the slope. The water wcts delivered t o  the flume by s =-inch 

cenkrifugal pump and was admitted t o  the flw under pressure from a 

rounded-edge s l ide  gate. The xiaxfmun &Lscbrge of 8-1/4 second-feet 

produced velocities of approxhstely 50 f e e t  per second. 

The electrodes i ~ ~ e d  i n  t h i s  flm were 1/2-inch brass disks, 

p,Uced f l w h  w i t h  the insid* surface of the  chute. Nine sete, two disks 

fo r  each set,  were placed in the f loor  of the  chulte, 16 inches between 

se ts ,  measured along the centerline of the floor.  nine se ts  of electrodeaj 

were placed i n  the sides of the chute at the  ssme epacing and i n  U e  

with the  bottom electrodes. 

The brine was introduce5 into the flow from a pressure tank with an 

outlet bmediately downstream from the s l ide  gate and controlled by a 

quick-acting valve. The introduction was mide trt  the surface of the flow. 

The techuique followed during these tests was eesantiallytbe eame 

as tbat  in the low-velocity chute. Three additional elements installed 

i n  the oscillogmph merde it possible ta measure the veAocity over longer 





was sensitive t o  the presence of the brine re@rdless of the location of 

the  electrodes. 

Measurements of velocity by the use of ei ther  side o r  bottam elec- 

trodes checked the calculsted velocity within 1 percent. The velocity 

was calculated by the formula V = Q/A, where V is  velocity Zn f e e t  per 

second; &, discharge i n  cubic f e e t  per second, and A, area of the cross- 

section in square feet .  The discbarge was measured over the calibrated 

laboratory weir and thc area of the cross-section vas carefully measured 

a t  the &ate. 

The oscillograms obtained frosn this chute showed a persistent pul- 

sa t ion  in the base current. This pulsation was not periodic and the 

resulting deflections were not of equalnrrgnitude. Several explanations 

were offered fo r  t h i s  occurrence. It was possible that splash from the 

fLow wet the insulation of the  w i r e  leads and caused a part of ?#he l e a b  

t o  a c t  intermittently aa electrodes. V i s u a l  observations of f l o w  condi- 

t ions,  however, showed pulsations i n  the f l o w  i t s e l f .  There appeared t o  

be regions of hi&-velocity water separated by regions of lower velocity. 

These flow pulsations were evidently reflected in the photographic re- 

cordi. Velocity de tembed from the film by using these minor deflec- 

t ions  of current gave consistent resul t s  when compared with the deflec- 

t ions  caused by the passage of salt. 

For the  purpose of making f i e l d  Illeasurenrents, it was concluded 

that eleetmdes, i f  instal led in  a structure at  the time of i t s  erec- 

t ion  should consist of small plates embedded f l w h  with the in te r io r  

surface of the channel. The wire leads could then be carried through 

the waUs and t o  some suitable location f o r  the recording equipment. 



e " of  metal s t r ips  securely anchored t o  the sidewalls i n  such a manner that  

they would offer a minimum resistance t o  the flow. !!!hey should be in- 

s ta l led  perpendicular t o  the f loor  of the chute and be of sufficient 

length t o  extend above xmxhim water surface. The wire lead should be 

attached t o  the upper end. 'The distance tha t  the electrodes should be 

separated, either longitudiaally o r  transversely, would necessarily 

depend upon the section t o  be tested. 

From the results obtained i n  the aml l  chute, it was concluded 

that  f inely divided dry or moist salt would &issolve i n  the turbulent 

flow very rapidly and would be satisfactory f o r  use in the f ie ld .  Some 

developmerit work was done t o  secure a means of accurately determining 

the water surface in extrsuely turbulent flow. The basic principles 

e applied appeared t o  be sat isfactory but Insufficient time negated the 

completion of e q u i p n t  suitable f o r  f i e ld  use. 

Description of Wasteway and Test Equipment 

The wasteway a t  Station ll46+30 on the Ki t t i t a s  min Canal, Y a m  
L. 

Project, Washington was selected as suitable f o r  conducting the t e s t  

In this structure there is a drop of 340.5 feet i n  a horizontal 

distance of 1213 feet. All but a sclall fraction of a foot of this fall 

occurs i n  a horizontal distance of U35 feet,  Figures 2 and 3. Wlth 

two bottom slopes af tamble  fo r  testing i n  the same structure, con- 

siderable data could be secured from a singbe instal lat ion.  
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was considered advisable t o  install tbe pairs of electrodee st the two 

different intervals because of the uncertainty o f  the s tabi l i ty  of the 

sa l t  cloud. Should We dispersion occur quite rapidly the LO-foot 

reaches could be used t o  determine the velocity. The 90- 100- or U- 

foot reaches were preferable, if  the dispersion should be sufficiently 

small, because the percentage of error in  reading the tbne would be less. 

The actual distances between pairs of electrodes were measured a f te r  in- 

staUation and these distances were wed for all calculations. 

The wiring system differed slightly Pt.m t h a t  used i n  the labomtory. 

A l l  electrodes on the left. side of the wasteway were connected in aeries 

by a si&e insulated w i r e  leading to the switchboard a t  the oscillograph. 

A sepamte insulated lead connected each of the electrodes on the opposite 

side of the structure t o  t he  boa&. The d r y  ce l l  batteries were iatro- 

duced between the mitchbcsrd and the oes4Z!2.opph. 

Discharge Wasurements 

The discbarge through the wasteway wsa determined by gaging the flow 

in  the mdn canal with a currentmeter. During the greater part of the 

tests ,  the to t a l  f l o w  of the canal was averted into the wastemy. For 

th i s  condition only one gaging station, located above the wstsoay turn- 

out, was necessary. The reminder of tbe time some water was pseed 

down the canal for irrigation purposeso A atation located in the 

main canal dawnatretun from the turnout was used t o  obtain the quantity 

passing. The difference in diacbarge as -8ured a t  the two gaging 

stations was used aa the quantity passing thsougb the wasteway. The 

currentmetee measurer~lents for each test were made simulWeoualy ~ I t h  

the velocity and point gSge measurenrents. An experienced hydmgrspher 



1 -  currentmeter practice was employed and care was taken to  a t ta in  a high 

degree of accuracy. 

Depth Measurements 

A l l  measurements of depth of flow were nmrde with a point gage, 

Figure k.  Ten crosw-sections were measured, one at the mid-point of 

each of the 10-foot electrode stations. Nine obrservations approximately 

I 1 foot apart, were made a t  each cross-section. This same procedure wras 

I followed throughout the program except at the higher discharges when 

I excessive spray made it neceseary t o  ebandon the f i r s t  station below the 

1 convex vertical cume. A t  the l~axiwrm discharge, it was also necessary 

I t o  abandon the second station belaw the curve. 

After the tes t s  were completed, the width of the channel a t  each 

0 station was carefully measured. Point S g e  r e a d i n g s  of the bottom of 

1 the channel were W e n  with the same inst-nt and a t  the same loca- 

tions st which the water surface obeervations were made. The depth and 

area of cross-section occupied by the flow was calculated from these 

measurements. 

The results of the depth measurements are  given in  Table 1. The 

table consists of ten divisions, each division showing the propertie8 
s 

of one of the sections observed. In the first column of each division 

i s  given the discharge as measured in the nr rh  ca&L during tbe time 

the depth observations were being W e .  The next nine columns give 

the actual observed aepths of f law I n  feet  a t  distances from the l e f t  

sidewall. In the column headed "mean depth, " the average of the nine 

readings across the section i s  given. The next column, f l a w  area, 
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I = depth given i n  the preceding c o l ~  and the average width of the channel 

I a s  measured. This aree is corrected fo r  the cross-eectionalares of 

I f i l l e t s  between the aides and bottom of the channel. The last two 

I c o l ~ e  s h ~ w  the wetted perimeter and hydraulic mdiua a s  calculated 

I from the preceding values. 

A l l  observed d e p t b  have been included i n  the table t o  show the 

consistency of the results.  The choppy water surface dlnd the large 

I amount of spmy rendered it d i f f i cu l t  t o  determine where the point of 

I the gage should be t o  give a reading that would 'be indicative of the 

I actual  depth of flow. The surfsce conditions a lso  made it di f f icul t  

I t o  observe the point of the gage. The depth of flow was considered t o  
I ~ be a t  the base of the loosely flying spray and drops of water. The top 

~ 4B of the main portion of the flow inclraded numemu r a ~ a U .  waves or rollers.  

The water depths given in the table are approximate =an values between 

the crest  of the waves and the troughs between them. The vibration of 

the point gage was rel ied upon more than viewtl observation t o  insure 

1 tbt the point was a t  relat ively the sfme position i n  the flow f o r  

I ~ucces8ive readings. 
I ,  
I W factors m y  be observed in the depth measurements a s  given i n  

the table, For the high discharges, the wave due t o  entrance conditions, 

Fi,.~ure 5, was reflected in the point gage readings at  Station 1-2 and 

3-4. This wave was not observed beyond tha t  point. The water surface 
I 

I a t  the sides of the  chute was higher than t h a t  in the central portion, 

~ Figure 6. For the higher discharges, this high portion extenaed 
I 

s l ight ly  over a foot from each w a l l  and was a s  much as 0.4 foot higher 

~ @ i,han the central  portion of the flow. For t h i s  reaeon, observation of 
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I For the two lawer discharges, well-developed traveling waves were 

persistent i n  the flow, particularly on the steep slope. They were not 

obvious i n  the higher flows. Theae waves formed in the upper trapeltion 

section and increased i n  magnitude ebnd velocity as they progressed down 

the chute, Figure h. They are the type of wave observed i n  numerous 

structures a t  low discharges and have been referred t o  by some authors 

a s  "slugs" or  "bal3.s" of water, 

Sollae Interesting observations were made i n  regard t o  theae waves. 

Although 25 waves were o'oserved t o  pass Electrode No. 18 i n  50.8 seconds 

wiA& a discharge of 193 second-feat, they were not periodic. At times 

two would pass in one second and then a laprre of two or more seconds 

0 would occur before another was observed, The average rate of occurrence 

of these waves a t  Electrode No. 20 for the 8- discharge wss one every 

1.6 seconds. Observation and erttady of motion pictures showed tbt the 

velocity of these waves wa7 considerably greater than the velocity of 

the intermediate water. This may a l so  be seen i n  Figure 7. !l%e front 

of the mve was nearly vertical,  while the back bBd a long slope tha t  
, 

extenaed almost t o  the front of the succeeding wave. The wave f r c r~ t  

was a h s t  a straight  l ine  perpendicular t o  the direction of flow. 

The cause of the waves was not defini tely observed but the  con- 

clueions a r e  that the f r ic t ion  In the f lu id  being l ess  than tkt 

between the f lu id  and tile solid chute caused the upper part of the flow 

t o  slide oyer the lower part and thus a t t a i n  a higher velocity. This 

velocity water overtakes the water flawing a t  a bower velocity arpd 

a tends to p i l e  up forming wavea. The mechanics of these waves is eimilar 

t o  tbt of a hydmu3,ic jump. 





the discharges a t  which they occ-. Obrervatione were laade st the 

crest of the wave and at iaztemmdiate point and the mean of these read- 

a s  considered as the depth of flow. Obsurvatinae of depth for  the 89 

second-foot Usckarge bave been omitted f rw~ the  table except for  the two 

upper stations. The mergnitude and rete of occamwce of -the wsves at 

stations Arrrther down the otuPnnnl rendered the obaervationa doubtful. 

If wihl ale0 be noted that the data 18 not ccunplete fo r  Stations 11-12, 

13-14, 15-l6. A s  has been mentioned before, adveree conditions due t o  

spray negated completion of the data, Figrtre 8. 

velocity Massurenasnts 

The six-chsand oscillograph used in the hborrrtory was wed for  

f;bc field teats, ~igure  4 ~ .   he only e w e  in the instrument 

was the addition of an  elect^^ Brivca, 50-cysI.e trrning fork t o  

provide a time b e e .  The vfbratfom of the tuning fork wen rcconled 

on the film by contlectiag one of the galvanometers in the tunirrg fork 

circuit.  The ramr.n.rnP five elements were aarUble for  connection to 

t b  electFoaee. Data were obtainsd f'xum tan di8cbrrrge8 m m g h g  from 89 

to UO5 second-feet . The circuits  and elements were adjusted unt i l  the 

J.i&t beams V O U ~ ~  ] r ~ @ s k r  the tmce O? t h  s m t  of the f i b .  F1Om 

salt, of a fisenesa to pss a SkO-mesh sieve, -s mietaed tnrtil the 

particles would cohere when mlded by hnd  into ~I&US. The s h e  of the 

bakl necessary for mtisfactory ragitstaatinn on th! dilpl was detemnlnd 

by trisl and error. When ~ ~ e s s u r i t g  velnobtiee over a rsach of 200 feet 

w l t h  the lower d i a a e s ,  balls 2 bwhem ;ip Umcter were stlfbickmt. 

For lox= reaches or larger d i e r * 2 e a 3  the size of the b a l l s  we~e 

increased. A% the m%clmm Bi~cbELrge, wtth vtrlocities measured over a 

b00-foot sosch, the dimueter of thC bBU ap,pmsimtely 7 m ~ e  
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The bslb were then toss& l a t o  the flaw a a b r t  dieWnce \xptltream from the 

test =ch. The number of WlJs used varied one to five. On art 

sections five sslt U s  were used for a 0AqJ.e iilnr mnrit. It plas found 

th~t aU. the Berlls did not record became of the ralatSvely short rilnr, 

eo the number was reduced to two for ahort reache8 and a 8- ball for 

the longer zvsches. 

Since only five galvanoPnater elam?nts were avaflabla, five record8 

were neceeaasy to  cover the entire aerrgth of the flame a t  each iliecbarge. 

The first five sets of electzmdes were  connected for the fire% record; 

the next five sets for the second, and 80 on aowPl the wsretmy. For 62.L 

tests, -opt the  f irs t  three discbsrges, one record was Iilade with 

E&Ct-8 1, 3, 5, 7, aad 9 C ~ a ~ l ~ t e d  and a ~ r o t h e r  With EletroBe8 12, 

' ! D  14, l6, 18, and 28 connected. It was found that by introducfng o m  

large 'ball of mlt, the cbuil carried over the longer distance i n  a q l e  

time fandl Ln a sufficiently compact &\bl to give a legible reconl. 

V i s a  observations with s Jmflliametm showed that We salt was 

ing the full length of the wastenay in a euff'icien", concentstion to 

produce  record^, however, the cloud was greatly elong~ted. 
< 

The velocities, as calculated A.osn tlae o s c i l l o m  an8 mecr8ure- 

1 .  rpnnts nmde in the vastoway are given in Tsble 2. In de.l;emblng 

velocities from i;he o s c ~ ~ ,  the time dis-e required for the 

sslt cloud to pias A.aPI one set of electrodes to aslother wss obtained 

by everaging the the distances behaen the hgbmbg points on t h  

curves, and the t ime  distaaeas ba.t;ween other ~ t e r ~ S c  points on 

the curves. This probably reeul- in a velQcity amprosohlrq tbt of 

9 lsmcimm, perhaps sugh* jleser. 







canal and the water surface a t  a p i n t  midway between the two etatiom. 

No entrance loss or loss due t o  friction was assumed. These are the 

only two ob~erved velocitSes tbat exceed the velocity calcul~ted by the 

above formula. Since both observertiom made under the condAtio9s 

exceed, the theoretical vebci'ty, it m y  be thert the measured velocity 

i s  the nrrximrrm velocity in the flow. 

Other sources of error, although very small ,  l i e  I n  t h e  fact  that  

the spots fkom all the elements in the oscilbgraph cannot be adjusted 

t o  l i e  exactly on a l ine  perpendicular to  the centerline of the f i l m  

and the rotation constants of the elements are not identical. Each 

element deflects slowly a t  first but with rorpidly Increasbg velocity, 

partly becawe the current is increasing and partly became of its own 

inertia, Hence it is dif f icul t  t o  determine on the film the exact time 

that  a deflection starts .  These sources of error are snm,ll. 

The nature of the records necessitated the foregoing analysis. A s  

bas been stated, the velocities thus determined approached ths t  of m- 

mum. In the design of steep chutes and splllysys, the average velocity 

in any section i s  required before freeboard can be detereriaed. 

If the time distance is taben fm the centwe of gravity of the 

areas under the two curves, the reaultFng velocity should be an aveseage 

for  the section17. A s  the wloei t ies  recorded In Table 2 were ccmputed, 

as described, above, it appears tht they are greeter tkui the average 

velocities, Ass- tbis t o  be correct, sixteen of the clearest 

oscillogmms were selected andl the time distances t o  the centers of 

gravity of the curves computed. The velocities f'rom beginning points 

on the c w e s  were ~ 3 1 4 0  computed. The m t i o  of the velocitiee t r a m  

the beginning points dlr!.ded by the velocities from the centers of 



gravity for the sixbeen se ts  of curves averaged 1.40. The r a t i o  of 

velocities ae recorded in Table 2, divided by the velocities from the 

centers of grevity averaged 1 24 .  

A6 the o s c i l l o ~  were in  mny csses indistinct,  and i n  some 

cases the curves were not completely recorded, it was impossible t o  re- 

anawe aU. of them t o  obtain the average vebci"uy. Insteat3 the veloc- 

c i t i e s  i n  Table 2 were reduced by dividing each velocity by 1.24, the 

average r a t i o  of velocity as ob-ttined by the first method t o  the veloc- 

i t y  as determined by using the time distance between centers of gravity. 

The velocities a s  computed i n  t h i s  mtmer a re  given in Table 3, 

Entrained A i r  

The percent of entrained air as computed from velocities as shown 

i n  Table 3 is given i n  Table 4, Station (1-3) refers  t o  the reach 

between Electrode 1 and Electrode 3; Station (3-5) refers  t o  the reach 

from Electrode 3 t o  Electrode 5, etc., Figure 2. The mean depths, 

hydraulic rsdii and velocities refer  t o  the mean of all such measure- 

ments taken a t  the ends of and within each reach. 

In tbat portion of the table sppllcable t o  the 20" 12' slope, if 

the two lower discbarges a r e  disregarded because of the traveling mve 

type of flow and particular observation made of the velocities pre- 

vailing for discharges 362 t o  73.9 second-feet, inclusive, there appears 

t o  be an increase in velocity for  each discbsrge a s  the flow progreeses 

damstream. This  is  not apparent f o r  the three higher discharges. 

This condition m y  be only a resul t  of errors o r  velocity fluctuations 

but seems t o  be too consietent fo r  tha t ,  It ppsy be that f o r  inter-  

mediate discharges, constant f l o w  conditions had not been reached In  

the t ransi t ion section but fos  the higher discbarges such a condition 













chub 0.82 foot wide. The depth varied from 0.048 t o  0.161 foot and 

the hydraulic radius f r o m  0.043 t o  0.116 foot, 

mrinents reported by ~ h r r n b e r g e p  on the Wete Ws~tsvay in 

A u s t r i a  show tbat the velocity varies w i t h  R ~ ~ ~ ~ .  The bottom width 

of this  wastmy was 8.2 feet. The depth fo r  the flaws varied Amn 

0.10 to 0.74 foot and the hydmulic rsdiw from 0 . w  to 0.640 foot. 

T h i s  wasteway hsd a wooden lining. Data from 'this mute wasteway re- 

ported by 8ch0kl i t sch~~ give depths from 0.31 to  0.94 foot and 

hydraulic radii fivm 0.29 t o  0.79 foot. They showed rzo consistent 

relationehip between v and R. w eqpriments by stewarda i n  

1913 do not show a consistent relatiomhip to  exist  between velocity 

and hytiraulic xadius. 

The experiments on the Kittitas Wasteway covered depths from 0.5 

t o  2.9 feet  and hydraulic radii from O,5 t o  L.7 feet.  The data on 

velocity ernd hydmulic mllus for these t e s t s  have been plotted on 

logarithmic paper and a atmight l ine  h w n  through the points per- 

tainirg t o  each slope, F- 9, The equations of these lbes are: 

I7 = 40 .4R'?I3 8 . lo0 xi?'............. b . . . 0 0 0 * 0 0 b . 0 0 . ( 3 )  

V = 54.1~ *I3 13 e 33' lo'. ........................... (4) 

If Ehrenberger's fomub, -the data from the Ruetz Wasteway, and 

the data  from Kftti tas Wasteway are considered, it appears that the 

exponent of R increases as  R 1s increased. There i s  a W e r  amutlt 

of data upon which t o  base such a conclusion. 

Since the data frora Kittiters was obtained fram only t v o  slopes, 

(P geneml eqwtion, such as Ebxenbermr developed, was not attepapted. 
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I - lower t;ban the calculated velocities but the air content of the flow a t  
I 
I Kit t i t a s  show very poor agreement Kith thr: calcu3sted values. 

The mean air content f o r  the two slopes observed a t  Ki t t i tas  and 

the  data from Table 5 were plotted on log~ritlhmlc paper, Figure 10. 

Two ps ra l l e l  l ines  have been drswn through the plotted points. The 

eqtastions of these l ines  are: 

\ o -6 
d = 0.62 sin 9 ....e..e......e~.~,~.. * I . e * e * * e * e * * e ~ . * e ( 9 )  

where *Z'is the volume of entrained air h a unit mime of aereted 

I water. The numbers appearing in the figure correspond t o  the nknnbera 

given the data i n  Table 5. 'Pwo l ines  were dram because the points re- 

presenting data  from the model chutes did not alepear t o  be closely 

@ associated with those from prototype structures. The upper 1- m y  

be a i d  t o  =present values fram prototype t e s t s ,  except f o r  the f l a t t e r  

slopes where the points a r e  badly scattered. 

Discussion of Chute Data 

The dif f icul t ies  encountered and the methods u t i l ized  in securing 

measurements in high-velocity %ater cause a wide variation in results.  
$ 

The d a t a  on velocities show closer agreement than those on a i r  content 

of the flow. 

The velocity da t a ,  i n  genersl, are more consistent and a method of 

application of these data rlPl be shown i n  a l a t e r  section of thls thesis. 

The data on air content, with the exception of Ehrcnberger's, vary 

widely. A t t a g t s  have been mde t o  obtain an exponential formula re- 

lating air contents, aversge velocity, hydraulic radius, and the angle e of the bottom of the chute w i t h  the horizontal, but no relationship 
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experimental data. 

Air-content data from the KLttitss Wasteway and those data available 

from other s t m t u r z s  do not follow the relationship established by 

Ehrenberger, Figure 10. An attempt t o  re la te  the air content t o  the 

Froude number did not yield satisfactory msulf,s. 

Elechanics of Air-water 

The w:cbEbnics by which the a i r  enters the high-velocity flow usually 

enters into the di8c;ussion of data obtslned from chutes. A number of 

theories have been advanced concerning this phenomenon. Conversation 

with eqqineers interested in the subject and perueal of written ar t ic les ,  

a t t r ibu te  the mixing to: 

(1) Entrance conaitiorns 
. - 

(2) Breaking waves on the surface 

(3) Roughness sf the  c b n n e l  

(4) Curves in the chRfinnl 

(5) Turbulence in high-velocity flow 

Certain of these factors &we been discussed in  a previous section 

of t h i s  thesis.  The tests on Kittitas Wasteway verify the hypothesis 

tha t  entrance coladitions and chamel c m t u r e  contribute t o  air-wrter 

mixing. Turbulence in  the f l o w  assis ted in distributing the sir 

throughout the depth. This distribution of air  did not appear t o  be 

unifonn. The air content appeared much greater i n  the upper portions 

of the flow. 

Observations mde by the author in coejunction with s series  of 

vibration tests a t  Black Canyon Prm, I C W L O ~  add a limited a m r s ~ t  o f  

f n f o ~ ~ a t i o n  on the n~chanics of' sir-water x ~ i x h g .  



conditions on the face of the dam were observed for different drum-e te  

elevations, different combinations of gate openings, and different reser- 

voir elevations during the time the vibmtion  test^ were in pmgreas, A i r  

entrainment 4 a  the flow and aeration of the Jet  when the @latee were par- 

t i a l l y  raised were noted i n  particular and a series of pictures was made 

of existing eonditions. 

When the drum gates were completely lowered, the edges and upper 

surface of the jet contained considelable a i r .  Jut hm fa r  the air 

penetrated the jet was not determined. When the drum wteo were slightly 

raised the conditions were greatly cbanged. A i r  entering from the under- 

side was carried th row the Jet and emerged from -be upper surfhce 

causing a b o w  appesrsnce. A sidlar condition was not& near the 

edge of the jet  when the gates were completely lowered. The air in 

th i s  case was evidently carried into the flow A-om turbulence cauaed 

by the piers. A comparison of surface conditions may be seen in 

F i m  12. 

Another condition aoted a t  Black Canyon and elsewhere is the 

irregular l ine formed where the water surface f i r a t  becomes roughened 

and begins to  entsain a i r .  The top of the Jet  presents a glassy ap- 

pearance for a short bistance below the crest and then smU waves or  

ripples begin t o  appear. The Illagnitude of the ripples increases as the 

j e t  continues downwa~A. This line msy be seen i n  Figure 12. This 

surface condition is undoubtedly caused by f rictibn along the air-water 

boundary. The line was observed to move up the flpce of the dam when a 

wind was blowing upstream thw iadicating that the co&tion is a 

function of the relative water and air veloci.t;ies. The degree of 
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VI r n i A . ! K O N  OF llATA 

Applicability of adsting Open-channel Formulas t o  Aerated I;row 

The Mmniw and Chezy formulas were intended for use on r ivers  and 

canals with m m ~ .  graiiien'ts, caqara t ive ly  8 m z ~ .  velocities. 1t is 

highly iqprobable theit ei ther  fonmils i s  direct ly appPicable t o  the solu- 

t ion  of problems involving high-velocity flaw. 

A compsrison of the data f r o m  Kittitas with t ha t  obtained by Ehren- 

berger baa been msde i n  a previous section of this thesis. 

The desired objective of the b a t s  on the Kittitas Wasteway was t o  

jus t i fy  the use of existing firmula8 In deoigning open channels o r  t o  

determine empirical value8 f o r  s. new formula. This developed forrsda 

should give results that would be in rea8oisbl.e conformity Psith the 

aeration was a160 influenced by the thickness of the j e t  and the position 

of the drum gate. 

The design o f  the piers permitted aeration under the j e t s  when the 

drm s t e s  were in a raised position. The velocity of the air  that 

entered under the je ts  was g a t e  hjlgh a t  times a6 indicated by observing 

b i t s  of *per thrown from the tops sf the piers. Evidently, a large 

quantity of air i s  ab~lorbed by the underside of the nappe. Turbulence 

on t h i s  lower surface was greatly incressed by the projecting rivet 

heads on the l i p  of the drum &ate and a i r  entrainment began immediately. 

This air was carried through the jet by internal turbulence and produced 

the boiling effect a t  the upper surface. The je t  leaving the drum gate 

is s h m  on Figure 13. 

Motion pictures taken on 16 m i l l h e t e r  f i l m  a t  128 frames per 

second show the conditions described above much more plainly than still 

photographs. 





a t  Ki t t i tas  did strengthen the belief tha t  the Chezy and Manaing formatlas 

as written are not applicable t o  problem where eteep chubes are involved. 

Insufficient data negated the poesibill ty of extending Ehrenberger's 

formula over a wide range of conditions, Hence a new method of design 

was sought. 

In  the development of a design method certain assurmptions are 

nomaally made. To confom as nearly as practicable t o  established 

methods of ;hydraulic calculations and t o  l o g i a U y  follow the observa- 

t ions  that had been made during the tes ts ,  the following assumptions 

were made: 

(1) A i r  in and above the mter causes an additional resist- 

ance t o  flow, which is direc t ly  proportioaal to the square of the 

average velocity, and inversely proportioral t o  some power of tb.e 

hydraulic radius. 

(2) The hydraulic radius may be U s e d  an a depth equal t o  

the discbarge per foot of width divided by the average velocity 

i n  the section, or  the hydraulic radius, assuming no air i n  the 

water. 

(3) The value of "n" In the Mxmingf formula i s  consietent 

fo r  the particular type of mterleil of which the chute o r  spill- 

way is constructed. 

With these &sic assumptions it appeared possible t o  fornulate a 

meqthod of design tbat would include an  sir resistance tern, 

The first asstmrption above is based on tbe fo3.l- reasoning. 

Although l i t t l e  is known of the glechernics of air msistsnce, it h e  

beenfkquently observed tht the air over cMrmele carrying high- 



necessary t o  keep t h i s  a i r  in motion, which is an added resistance t o  

flow, comes from the water. This force on the a i r  would be pract ical ly 

independent of t he  depth of water but the retarding force on a pound of 

water would be inversely proportional t o  the depth. As air resistance 

is usually proportional t o  the square of the velocLty, f o r  high veloci- 

t i e s ,  it i s  reasonable t o  assume this t o  be the case un t i l  further  data 

can be obtained. 

The second assumption may readily be jus-tiifled by an examination 

of the Chezy formula. 

v = C /jB .... ..... ..... .... ................ .... ........(io) 
In t h i s  equation the velocity varies direct ly a s  the square root of the 

hydraulic radius. If air enters the flow, thus causine; a greater 

hydraulic radiu,  a higher velocity would result. It has been 

tha t  the mean velocity in an open channel is independent of, or  inversely 

proportional to ,  the kinematic viscosity. The kinematic visces&ty of 

a i r ,  a t  60° F, i s  about thirteen times that of water; hence, there i s  

l i t t l e  reason t o  expect tha t  velocities would be increased by addition 

of a i r .  One vo~uld expect, rather a reduced velocity, and, therefore, 

a higher value of "n". 

The following derivation of the Chezy formula showa tbt it is  in- 

correct i n  high-velocity flaw t o  use the hydraulic radius of the 

"insufflated" section, without changing the value of the coefficient C, 

but the net hydraulic mdius may be used. 



Figure 14 

Let 100 ,k( P percent of air i n  the air-water mixture by volume 

b = width of channel (rectangular) 

w t unit weight of water 

*,iL= shear per unit  area at surface of contf%ct between wnter 

and chamel 

Writing the equilibrium conditions for volume Dbdl 

~bdl(l-/")w OIII 8 z 7(2D+b)dl 

let ir= kl? 

Assuming k to be the same in water and in air-water mixtures 

and S = a h  8 

then = R(~-/LC)WS 

and v = ( 1 2  .................................... 

In other words, the coefficient C in the Chezy formula muat be multiplied 

by (1-/4)1'2 when applied to  water and alr mbcbures. Defining R in a new way 



i n  which Q r t o t a l  discharge of the cbannel 

and V average velocity i n  a section 

the Chezy fomr la  remaina 

V = c / n . .  ...............................*......... .(u) net  

In  a ~ i n r i l a r  marnnsr it may be shown t b a t  the M~nnIng formula should 

use the Rnet as defined above when water contains air. 

The th i rd  assumption i s  based on the defini t ion of "n" as given by 

a number of authors. 

Analytical Fom of Air-resistance Correction 

The coeflicients In both the Chezy and bnnfng  formulas were obtained 

empirically for  lcwvelocities. Under these conditions there i s  undoubtedly 

very l i t t l e  resistance t o  flow fm the water-air surface. For high- 

velocity flow, a great deal of a i r  is s e t  i n  motion by the water with addi- 

t iona l  losses which would not be included i n  the Chezy o r  Mmnhg formulas. 

I n  order t o  w e  e i the r  of these fonrmlas it i s  necessary t o  make a correc- 

t ion  f o r  the additional losses. 

The Mnd.ng fombila gives the following values of C in  the Chezy 

The Manning fonrmla as usushly written being 

where n i s  Kukter8s roughness coefficient. This eqwtion lpay a l s o  be 

written as 



air resistance may be add&. The formule then becomes 

where K and p are enrpiricelvaluee fo be determined ex~#?rlmentaUy. 

When air  i s  present in the flcn tlae hydrraulic Padiu8, Itnet, Ylrlllbe 

slightly greaLer than the hydmu3,ic m d l u ,  R, ,,, , with no air preeent' in 

the flow. Since the walues of "K" an13 "pn are to be obtained -EL- 

mentally, those value8 may be a8jwted to compema'be for t$e cbnge In 

hydr~ulic radius. 

'net cannot be determined until the amount of cab is known. Haw- 

ever, we may write 

which is the hydraulic -us when,qs-., or when there is no air in the 

flow. 

W formula for steady flow t k n  becanes 

S = sine of angle between energy gradlent and horizons 

b = width o? a rectangular chnnaol 

V = average v e h l t y  In the section 

Q .I total  diachsrge 

K and p P constants determined fzw~ experwntB1 data 

For steady f l ow conditions, tbe available ergy 5s represented by 

S. Th%s energy is divided into two garb; the first part of the e q ~ t i ~  

represents the loss due to Pnternal friction and m e t i o n  kehmen tk~ter 

and solid surface. The second garb, a c h  represents the loes sue ta sir 



inverseu proportional to some gower of the depth or hy&aulic radius. 

!I!k equretion as  etated i s  no% &ruc-t;ry cappUc8ble to the design of 

cbaanels a - t h  steep pullente. 

Dr. V. I,. Stmeters mkes the iolluw%ng applleation of the epua- 

!;ion by combining it ~ t h  Bernoulli's equation. The values of "p and 

"pn were determined f r o m  the data taken on Kittitas Wasteway. 

Fmm Beraoulli's equation ( ~ i g u r e  15) : 

E = Bo - ./elm 0 + D eoc B +dP .... c......oo...........(20) 

where A = b ~ s s - ~ ~ ~ t i o ~  area 

V i  = velocity a t  elementer1 area, dA 

V e average velocity in t&e section 

.\dii;h cidef ined as abwe, "$ i s  , a=- -t$s = n e w  ger p o d  
F 

water for the section. Taking the derivative of (20) w i t h  xerpgect t~ A'' 

dD cos 0 +;TV BV " = a i n ~ + ~  37 
- 
g az ........ . ....... e..., ...a ..(a) 





in the chute where the veloclty is V1. The vebcity  at the beginnin$ 

of the sbpe,  or say other point in the chute at which the velocity i s  

~vafu~ti~n of coerncjtents 

8br all practical puqmses it nay be a a s d  that the velocitiee 

as determined in Klttitas Waeteway, !Lkbable 3, a m  temrbtbl velocities. 

@ The values of the constanks in equation (19) may be detambed as . . 

/ Let n2v2 sm log K + 2 log V - p icg 5 . ; ~  
( 2.208% ;, 

and log Rp;, = P 



11 Z Y ( I  - 22) = &Y - p2+ 
TBese ~ W O  equations in two unknomba, result i n  K. s 0a 0 0 0 0 3 6 4  a;rd 

p = 10h6b 

Application to the Design of a !l!ypiical Steep Chute  

To uutstrate the w e  of equ~tion (25) Dr. Streekr26 applied 1% to 

the design of a typical steep chute. Subst i tuta  the values of "X" and 
. . 

"ptl in equation (25) 

Given: A concrete chute with rectmguUr cross-esction, 

8 feet wide, and an angle of floor w i t h  horizontal 

45 degrees. The dischmge eqml to 1,600 second- 

feet. 

!to find: The average velocity at any section jsc1udlng air 

resistance, and the average velocity if no air 

resistance is as~r&. 

S~lortion:  ass^ n = Q 0012; &I leI.6; m t a  at 

csftical cleptb, Dc = 10.75 feet; critical 

a v ~ i k y ,  V, = 18.6 feet per second 



and equation (26) becomes 

The solution of this eqwtion is shown h Wble 7. The value of' J? 

l a  determined from d/ either by the method outlined above or  by Bimpwn's 
dV 

rule. The terminal velocities wfth the air resisbnce tern md without 

the sir sesistmce tern are found to be 101 feet  per second and U7.3 

feet  per second, respectively. The diatsncee dmm the chute at which 

99 percent of the terminal velocities m e  reached are 946.6 f ee t  sad 

1,007.2 feet f o r  the 4x0 cases w i t h  air resietaace asd without air 

resistarrce, mspectively. Tlac length may be plotted a@xxst the veloc- 

ity, o r  against - & = Dnct. As the mter contains air, the actual  depth 
v 

wbU be greater than bt. 

Freeboard C ~ t a t i o ~ s  

Because of the inconsistency of khc! cab content data 8 formula 

for freeboard cornputratLon8 i n  chutes could mt be der i~ed.  A t  present 

there appears to be no reliable means whereby the ametant of slr or 
28 

i t s  dlstrlbution i n  the flow m y  ke predicted Atteqpts were made 

t o  f i t  the available data w i t h  formultrs as follaws, by the method of 

least  sqrrrres: 

vi: /L - mp-. 
c% p - K ( % ~  COB 9) 

/ - mJ(cos 0 )  / 

i n  vhich.j-,/rY and K are c o n s t e ~ ~ t ~ .  





degree. Either the data are not reliable enough, o r  the type of formula 

is  incorrect. 

In detemalning the amount of freeboard, vertical curves w i l l  ustlslly 

be cr i t i ca l  polnts. The maxlmorm velocity and not the aversge velocity, 

should be used i n  computing the trsjectory t o  deeign the ahape of ver- 

t i c a l  curve. The m~ximum velocity might well be W e n  as 1.5 tfines the 

average velocity of the aection as  an additional ssfeguard. 

The highest air content found in  the Kittitas data i s  60 percent. 

It would seem reasonable that the air content would be directly ?ro- 

portioaal t o  some power of the vdoctty, and inwereely proportional t o  

some function of the hydraulic radius and slope of the bottom of the 

canal. This hss got ken versied,  however, by the exlstiq data. 

e VII COELUSIOm AHD C-S 

Equipment and Methods 

Mimy difficult ies are encountered ln mLk.lnn qw%ntitative obser- 

vations of flow in open channels with high gradients. These d i f f i -  
D 

cult ies are reflected in the data obtained and conaidexable discrepancy 

results. The value of the data is contingent upon the equipment and 

methods utilized in prosecuting the program. 

1 .  Meas~urements must be xm3de of the quantity of m t e r  entering the 

chute, and the velocity and area of cross-section of flow in the chute 

fo r  determination of a i r  content in the high-velocity flow, 

For accuracy of results the qusntity may best be meaeured a t  a' 

point outside the t e s t  structure where the flow is above c r i t i ca l  

ab depth. This procedure permits following coannonly accepted methods 

of measuring discbrge. 



A eatisfactorymeans of measura high v'elocitiee i n  flow has been 

developed and should aeeis t  in future studies. Velocity obaervatiolas 

taken electr ical ly,  using salt as a conductor, and an psclUograph t o  . . .  . . 
record, through electrodes in the flow, the  tinre of pssege  of the 

brine cloud will yield aatisfactcsy resul ts  and afford a permnent 

record. W i t h  an improved oscillograpb. the mscbnu~~ and average veloc- 

i t i e s  f o r  a section may be obtained within reasollable limits. These 

two values would then give s o m  picture of the velocity distribution. 

The tinre distaaces between centers of gravity of the curves on 

the  oscillogmms may be used t o  compuh average velocities, rand the time 

distances between beginning points on the curves t o  obtain niaxlmm 

velocities.  E q u i p e n t  can be obtained tha t  will produce records of 

such quality t o  permit rapid interpretation. 

Because of the convex nature of the water surface, observations 

should be made throughout the Kidth of the structure. Obreervations 

made by mea.ns of gages on the s ides& the channel would be sontewhst 

greater than the average elevation of the swf'ace a t  the section. The 

point gage method of l~easuring water surface, although ~~&,isfactory, is 

time c o a s ~ .  Satae impmvd method, i;5->re l a  keeping wit'n the e n s  

of securing velocities,  should be developed. 

Wo satisfactory means of studJring the mechanics of air-water mix- 

islg was developed. Much addltfotlal work m e t  be done before the pm- 

blem can be explained qumtitatively, and in ]particular, 8 stlady of 

the surface flow eqosed to the air should be made by m s  of ag 

ultra-speed motion picture camera. It is posreible that  this problem 

m y  be studied M.tb models i n  the 3.aboratoley, but it a-ra tbt the 

iIn81analysis  must be made in the  field on Urge etructures, 



The flaw. of water on steep gnadiente is essentially m e r e n t  f r om 

that  found in channels of ordinary slope. Velocities are greater than 

the c r i t i ca l  and the kinetic energy greatly exceeds the s ta t ic  pressure 

of the water prism. Water, mixed with air, flowing down a steep cbannel 

does not follow the nonnal I s w  of hydlraulics as expressed by the con- 

t inuity equation, Q = AV. 

Concerted search of l i terature,  sqpplemented by a program of f ie ld  

measurements, shows tbat water flowing a t  high velocity i n  an open 

cbannel does entrain air and tkt the existing velocities are lower 

than ordinarily computed or assumed. 

In the experiments on the  Kit t i tas Wasteway, the indications were 

that a terminal velocity existed. Furthemre, there is no question 

tbat a Urge amount of air was entrained in  the flow. On a crlope of 

33" 10 ', an a i r  content of as  much as  60 percent by volume was found. 

The results  of the f ie ld  tes t s  bave been ccmpred t o  those ob- 

tained f r ~ m  pm?vious experiments by Ehrenberger, This canprison 

indicated that for a constant velocity the exponent of the sine of 

the angle with the horizontal decreases as the hydraulic r8diu8 in- 

cresses. Since data from only two slopes were available no definite 

conclusions could be mde. 

The importance of using a c o r r e ~ t  intergretation of the hyd2aulfc 

radLu8 18 connection with the hbming and Chezy foPmulee baa been dis- 

cussed. The hydraulic radius must be defiaed as the area of cross- 

section, as8umI.w no air $n the water, divided by tke to ta l  wetted 

perimeter FncludFng air. This pernits the cw- valw of coef- 

f icient to be used. The Mumin& or Chezy fonrmulas, hovever, b v e  no 





t.iasion and i n  the case of large Jets accampasied by a Ugh de-e of 

turiiPllence th i s  force i s  relatively -29. Consequently, th pressure 

in the flow is very close to atmospheric snd Were is merely an inter- 

change of position of particles of water and air. The internal pressure 

may have same bear- upon the air mixture in high-velocity flow In  steep 

channels particularly where the f l o w  traverses a vertical curve. 

On the structures observed, it m y  be conclubd that present design 

practice provides ample freeboard i n  high-velocity chnnels with the 

exception of convex vertical curves. These curves ~ m t a t  not be made 

sharper thsn the trajectory of flowing water f$lU.ng under the action 

of gravity i f  the stream is expected t o  adhere t o  the bottosl of the 

channel. The portion of the water prism near the surFace and in the 

center of the channel travels at a velocAty f rom 20 t o  25 percent 

greater t b n  the mean velocity i n  the cross-section and this m~uclmum 

velocity must be used in  computing trajectories. 

Addittons1 Studies 

More m i x ~ ~ n t a l  data over a wider range of channel eizes and 

with varying degrees of roughness must be had before the phenomenon 

of flow a t  high velocities is fully underetood. In view of the pre- 

eent status of the problem, further studies ehould be directed toward 

eetabliehing approximate geneml fornuhe before much effort  i s  given 

t o  complex refinenaents. It i s  hoped tbt interest m y  be stimulBted 

, in  the engineering profession t o  the  end that  s d d i t i o ~  data and 

analysea m y  be added to the small s%ore now available. Adequate 

explanation and fonrmlation must await further investigation and 

ana3ysls. 



It is most important that further experimental investigatione be 

carefully planned, psrticularly with remrd to  how the data are to be 

used. Possibi l i t ies  of' laboratory research, and perbaps of theoretical 

lnvest i~t ican m y  not have been exbawted. Future teets  should be con- 

ducted on the highest available spiUways and other chutes. In particu- 

lar, data should be secured from structures where an appreciable depth 

of  flow exists .  A l l  observations t o  date bave been mrde i n  cheulvlels 

with rather shabllow deyths. 
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